Effects of embryonic thermal manipulation (TM) on mRNA expressional levels and total antioxidant capacity of genes associated with heat-induced oxidative stress (NOX4, GpX2, SOD2, catalase, and AvUCP) in 2 breeds of broiler chicken were investigated. Fertile Cobb and Hubbard eggs (n = 1,200) were divided into 4 treatment groups: Cobb control, Cobb TM, Hubbard control, and Hubbard TM. Control groups were maintained under standard conditions (37.8
INTRODUCTION
Recent global warming trends present a serious threat to global avian welfare, and domestic fowls are no exception (Lara and Rostagno, 2013) . The poultry industry is highly susceptible to economic losses during periods of heat stress because of the broiler chicken's (Gallus gallus domesticus) poor thermotolerance (StPierre et al., 2003; Daramola et al., 2012) . Negatively affecting a number of performance parameters, heat stress has been reported to decrease feed consumption, egg production, and meat quality of broilers (Mashaly et al., 2004; Zhang et al., 2012; Tang et al., 2013) . In addition, the physiologic characteristics of broilers dwindle during periods of heat stress, leading to hormonal imbalances (Nathan et al., 1976; Novero et al., 1991; Maak et al., 2003; Lin et al., 2006; Rozenboim et al., 2007; Melesse et al., 2011; Tang et al., 2013; Xie et al., 2015) as well as diminished reproductive (Mcdaniel et al., 1995 (Mcdaniel et al., , 1996 Rozenboim et al., 2007) and immune development (Zahraa and Ghamdi, 2008; Han et al., 2010; Tang et al., 2013; Ohtsu et al., 2015) . One important harbinger of performance and physiologic decline in broilers is oxidative stress, the latter of which is a chief consequence of heat stress (Altan et al., 2000 (Altan et al., , 2003 Mujahid et al., 2005 Mujahid et al., , 2006 Mujahid et al., , 2007a Lin et al., 2006; Tan et al., 2010; Yang et al., 2010; Huang et al., 2015) . Described as a disturbance in a biological system's defense against reactive oxygen species (ROS), heat-induced oxidative stress affects the capacity of a number of different antioxidant enzymes (Ray et al., 2012) . Increases in ROS levels are harmful as they can lead to DNA damage, protein denaturation, and lipid peroxidation (Ray et al., 2012) .
NADPH oxidase 4 (NOX4) is a membrane-bound complex comprising 7 isozymes that acts as an oxygen sensor in order to protect biologic systems from inflammatory stress (Kirkman and Gaetani, 1984) . However, NOX4 generates superoxide radicals (O 2 − ) in the process by transferring an electron from NADPH to oxygen (O 2 ) (Kirkman and Gaetani, 1984) . In broiler chickens, NOX4 mRNA expression was reported to increase in heat-stressed cells (Kikusato et al., 2015) . During heat stress, superoxidase dismutase (SOD) is an important antioxidant as it is responsible for the catalysis of O 2 − into either simple molecular oxygen or the damaging compound hydrogen peroxide (H 2 O 2 ) (Surai, 2015; Ighodaro and Akinloye, 2017 ). In the case of H 2 O 2 production, complementary function of the antioxidant 991 Figure 1 . During heat stress, increasing NOX activity results in higher levels of superoxide radicals, the latter of which are converted by SOD to hydrogen peroxide and oxygen. Hydrogen peroxide is then detoxified either by GpX or catalase to produce water. The avian uncoupling protein (AvUCP) creates a proton leak to aid in decreasing the levels of reactive oxygen species.
enzymes catalase and glutathione peroxidase 2 (GPx2) is required for detoxification (Dunning et al., 2013) . A number of reports have confirmed that the activity and mRNA expression levels of SOD, catalase, and GPx2 increase in broilers exposed to heat stress (Altan et al., 2003; Lin et al., 2006; Tan et al., 2010; Huang et al., 2015; Rimoldi et al., 2015; Vesco et al., 2017) . Furthermore, Mujahid et al. (2006) reported that increasing ROS levels were associated with the down-regulation of avian uncoupling proteins (AvUcp) in muscle cells after heat stress . Playing a role in proton regulation, AvUcp are found on the inner membranes of mitochondria and confer protection against ROS production in recombinant yeast as well as in coldstressed ducklings (Criscuolo et al., 2005; Abe et al., 2006; Rey et al., 2010) . Figure 1 illustrates the roles that NOX, SOD, catalase, and GPx occupy during periods of heat-induced oxidative stress.
One of the most prominent strategies that have emerged to mitigate the effects of heat stress on poultry is thermal manipulation (TM), which involves increasing egg incubation temperatures on different days of embryonic development (Walstra et al., 2010; Halle and Tzschentke, 2011; Piestun et al., 2011 Piestun et al., , 2015 Loyau et al., 2013; Almeida et al., 2015; Al-Rukibat et al., 2016; Loyau et al., 2016; Narinç et al., 2016) . The acquisition of thermotolerance in broilers was found to be enhanced by means of TM, resulting in lower body temperatures and decreased hormone secretion upon encountering heat stress (Piestun et al., 2008a,b; AlZhgoul et al., 2013) . In fact, Vinoth et al. (2015) illustrated that there was an increase in SOD activity and glutathione levels accompanied by a decrease in lipid peroxidation in thermally manipulated chicks . Moreover, Shanmugam et al. (2015) demonstrated that the semen of thermally manipulated layer breeder chickens possessed increased activity of non-enzymatic antioxidants . In contrast, TM did not have any effect on AvUcp mRNA expression in broiler chickens exposed to heat stress (Loyau et al., 2014; Al-Zghoul et al., 2015b) .
Despite the role of heat stress in promoting oxidative damage, only a limited number of studies have addressed the effects of TM on minimizing oxidative stress in heat-stressed broilers. In spite of this dearth in literature, the studies that have been published on this subject demonstrate that thermally manipulated broilers express higher levels of antioxidant enzymes during chronic heat stress Vinoth et al., 2015) . Further investigation is required in order to ascertain whether TM of broilers can lead to similar results in cases of acute heat stress (AHS). The aim of the present study was three-fold. Firstly, this study evaluated the cumulative effects of TM during embryogenesis and subsequent AHS on the mRNA expression levels of NOX4, GPx2, SOD, catalase and avUCP in the broiler chicken. Secondly, it investigates these effects on the activity of the SOD and catalase enzymes as well as the total antioxidant capacity. Thirdly, it compares the different responses to heat stress with and without TM in 2 strains of broiler chicken.
MATERIALS AND METHODS
All the contained experiments and management conditions in the present study were approved by the Animal Care and Use Committee at Jordan University of Science and Technology (JUST-ACUC).
Study Design and Incubation Conditions
A sum total of 1,400 fertile eggs (700 Cobb eggs and 700 Hubbard eggs) were obtained from certified breeders in Jordan at their optimal production period of 34 (for Cobbs) and 36 (for Hubbards) wk. The eggs were examined for breakage or any abnormality. Very small (<59 g) and large (>68 g) eggs were rejected. A total of 1,200 normal eggs were then selected for an initial weight of 64 ± 2 g and incubated in 4 commercial incubators (Type-I HS-SF, Barcelona, Spain) (n = 300). The eggs were incubated at 37.8
• C and 56% relative humidity (RH) until embryonic day (ED) 10. Eggs with clear or dead embryos were removed from the incubators on ED 7 following candling. On ED 10, eggs from each breed were subdivided into two groups: the control group and the TM group. Eggs of the control group were maintained at 37.8
• C and 56% relative humidity during the incubation period, whereas eggs of the TM group were incubated at 39
• C for 18 h and 65% relative humidity during ED 10 to 18.
Rearing and AHS Exposure
At hatching, the number of hatched chicks was recorded on an hourly basis and transferred immediately to the Animal House at JUST. Cloacal temperatures (T C ) were recorded on post-hatch days 1, 3, 5, 7, 9, 11, 13, 15, 19, 22, 25, 28, 30, 33, and 35 (n = 12/d) using a J/K/T thermocouple meter equipped with rat rectal probe (Kent Scientific Corp., CT, USA; Accuracy of ±0.1
• C). Chicks were divided into 16 cages that were equally distributed between 2 rooms. Room temperature was maintained at 33 ± 1
• C during the first week of age, gradually decreased to 24
• C by the end of the third week, and sustained at 21
• C until the end of the experiment (post-hatch day 35). Water and feed were provided daily to the chicks ad libitum, and vaccination against Newcastle Disease was provided via water on post-hatch days 8 and 20. Additional vaccination against infectious bursal disease was also provided via water on post-hatch day 15. In order to evaluate the effects of TM on heat-induced oxidative stress, a total of 240 chicks (60 chickens from each of the Cobb control, Cobb TM, Hubbard control, and Hubbard TM groups) were randomly selected and exposed to AHS by increasing the room temperature to 40 ± 1
• C for 7 h on post-hatch day 28.
Sample Collection
On post-hatch day 28, 12 chicks were humanely euthanized at 0 h and after 1, 3, 5, and 7 h of heat stress. Liver samples were isolated and immediately frozen in liquid nitrogen to prevent RNA degradation. Blood samples were collected from brachial veins in heparin tubes followed by plasma isolation by centrifugation at 5,000 g for 10 min. T C was recorded for each chicken before euthanization (n = 12).
RNA Extraction and cDNA Synthesis
Total RNA extraction from liver samples was carried out using Direct-Zol RNA MiniPrep (Zymo Research, USA) with TRI Reagent (Zymo Research, USA). RNA purity and concentration were determined by use of the Biotek PowerWave XS2 Spectrophotometer (BioTek Instruments, Inc., USA). 2 μg total RNA from each sample was utilized to generate cDNA by means of the cDNA synthesis Superscript III cDNA Synthesis Kit (Invitrogen, USA).
Relative Quantitative Real-Time RT-PCR
The QuantiTect SYBR Green PCR Kit (Qiagen, USA) was used to carry out relative quantitative realtime RT-PCR. Briefly, 1 μl cDNA from each sample was made up to 20 μl with nuclease-free water. The PCR cycles consisted of the following temperature changes: 95
• C for 5 min, 40 cycles of 95 • C for 10 s, 55
• C for 30 s, and 72
• C for 10 s followed by melting between 50 • C and 90
• C (the temperature was increased to 1 • C every 5 s). During the extension step, the fluorescence emission of SYBR was detected. The relative level of mRNA was automatically calculated by the Rotor-Gene Q Software 
Biochemical Analysis of Plasma
Plasma was isolated by centrifugation of whole blood samples at 5,000 g for 10 min, after which the plasma samples were stored at −20
• C until further analysis. The Antioxidant Assay Kit (ID: 709001, Cayman Chemical, Michigan, USA) was used to determine the antioxidant capacity of the plasma. To determine catalase and SOD activity of the plasma during AHS, the Cayman's Catalase Assay Kit (ID: 70702; Cayman Chemical, Michigan, USA) and Cayman's Superoxide Dismutase Assay Kit (ID: 706002; Cayman Chemical, Michigan, USA) were used. Activity levels of each plasma biochemical were automatically determined using the BioTek Gen5 Version 2.0 Data Analysis Software.
Statistical Analysis
All statistical analyses were conducted using IBM SPSS statistics 23 software (IBM software, Chicago, USA). Obtained numerical data were expressed as means ± SD. For each experimental time point (0, I, 3, 5 and 7 h after heat stress), a two-way ANOVA was employed to evaluate the effects of TM on T c as well as on plasma levels of total antioxidant capacity (TAC), SOD2 and catalase and the liver mRNA levels of NOX4, GpX2, SOD2, catalase and avian UCP between 2 broiler chicken strains (Hubbard vs. Cobb). Significance was interpreted by a subsequent simpleeffects analysis with Bonferroni correction. Parametric differences were considered statistically significant at P < 0.05. 
RESULTS

Effects of TM on Cloacal Temperature (T C )
The effects of TM on T C during post-hatch days 1 to 35 are depicted in Figure 2 . T C was significantly lower in the TM groups compared to the control groups in both breeds except on post-hatch days 1, 7, and 15 for Cobb chickens and 5, 7, and 15 for Hubbard chickens.
Effects of AHS on Cloacal Temperature (T C )
The effects of TM on T C during AHS are shown in Table 2 . At 0 h of AHS, there was no significant difference in T C between the Cobb TM and control groups, whereas, in Hubbards, the T C in the TM group was lower compared to the control. However, after 1, 3, 5, and 7 h of AHS, the T C of the heat-stressed chicken was significantly higher compared to that before AHS (0 h) in both breeds. In Cobb and Hubbard chickens, the T C was significantly lower in the TM group compared to those of controls at all AHS intervals.
Effects of TM and AHS on Liver NOX4 mRNA Expression
NOX4 mRNA expression in both Hubbard and Cobb chickens during AHS is shown in Figure 3 . In Hubbard chickens, NOX4 expression levels were significantly higher in the TM group compared to the controls after 0 and 5 h of AHS. On the other hand, NOX4 expression was significantly lower in the Hubbard TM group after 3 h of AHS. In Cobb chickens, NOX4 expression levels were lower in the TM group compared to the controls after 3 and 7 h of AHS. Peak NOX4 Table 2 . The effect of thermal manipulation (TM) on cloacal temperature (T c ), total antioxidant capacity, superoxide dismutase, and catalase activity in plasma during heat stress (40
• C for 7 h) on post-hatch day 28 in Cobb and Hubbard broilers subjected to different TM treatments during embryogenesis.
Cobb
Hubbard
cloacal temperature, TAC: total antioxidant capacity, and SOD: superoxide dimutase. 1 One unit is known as the amount of SOD enzyme needed to exhibit 50% dismutation of the superoxide radical. 2 One unit is known as the amount of enzyme that will case the formation of 1.0 nmol of formaldehyde per minute. a,b Within same row, mean ±SD with different superscript differ significantly (P-value > 0.05). w-z Within same treatment column, mean ±SD with different superscript differ significantly (P-value > 0.05). expression was observed after 1 and 3 h of AHS in Hubbards and Cobbs, respectively. Overall, NOX4 expression levels were significantly higher in the Hubbard TM group than in the Cobb TM group, whereas they were significantly higher in the Cobb control group than in the Hubbard control group except after 1 h of AHS.
Effects of TM and AHS on Liver Glutathione Peroxidase (GPx2) mRNA Expression
The effects of TM on GPx2 expression during AHS in both Cobb and Hubbard chickens are shown in Figure 4 . In Hubbard chickens, GPx2 expression was significantly lower in the TM group compared to the control group before AHS (at 0 h) and after 1 h of AHS. In Cobb chickens, GPx2 expression was significantly lower in the TM group than in the control group after 1 and 7 h of AHS. Peak GPx2 expression was observed after 1 and 7 h of AHS in the Cobb and Hubbard control groups, respectively. In terms of interstrain variation, GPx2 expression was significantly higher in the Hubbard TM group than in the Cobb TM group, whereas it was significantly higher in Cobb controls than in Hubbard controls except after 5 and 7 h of AHS.
Effects of TM and AHS on Liver Superoxide Dismutase (SOD2) mRNA Expression
The effects of TM on SOD2 expression in both Cobb and Hubbard chickens during AHS is illustrated in Figure 5 . In Hubbard chickens, SOD2 expression in the TM group was similar to the control group before and after AHS except after 1 h, where it was significantly lower in the TM group. In Cobb chickens, SOD2 expression was significantly lower in the TM group than in the control group before AHS (at 0 h) and after 1, 3, and 7 h of AHS. Peak SOD2 expression was observed after 1 h of AHS in Hubbards, but it was detected after 0 and 1 h in the Cobb control and TM groups, respectively. Generally, SOD2 expression levels were significantly higher in the Hubbard TM group compared with their Cobb counterparts, whereas they were higher in the Cobb control group than in Hubbard controls except after 1 h of AHS. • C for 18 h from embryonic day 10 to 18) and control group (at 37.8
• C) in 2 broiler chicken strains (Cobb and Hubbard) before and during acute heat stress (40 ± 1 • C on post-hatch day 28). The mRNA unit was as a fold of control at 0 h. a-d Within the same hour, means ± SD with different superscript differ significantly (P-value > 0.05).
w-z Within same treatment group, means ±SD with different superscript differ significantly (P-value > 0.05).
Figure 4.
Glutathione peroxidase 2 (GPx2) relative mRNA expression of thermally manipulated group (at 39 • C for 18 h from embryonic day 10 to 18) and control group (at 37.8
• C) in 2 broiler chicken strains (Cobb and Hubbard) before and during acute heat stress (40±1 • C on post-hatch day 28). The mRNA unit was as a fold of control at 0 h. a-d Within the same hour, means ±SD with different superscript differ significantly (P-value > 0.05).
Effects of TM and AHS on Liver Catalase mRNA Expression
The effects of TM on catalase expression during AHS in both Cobb and Hubbard chickens are shown in Figure 6 . In Hubbard chickens, catalase expression levels in the TM group were significantly lower than controls after 1 and 5 h of AHS. In Cobb chickens, catalase expression was significantly lower in the TM group compared with the controls before AHS (at 0 h) and after 1 and 7 h of AHS. Peak catalase expression levels were observed after 1 and 3 h of AHS in the Hubbard TM and control groups, respectively, and after 3 h of AHS in the Cobb TM group. For the most part, catalase expression levels were significantly higher in the Hubbard TM group than in the Cobb TM group except after 5 h of AHS, but it was significantly higher in the Cobb control group compared to Hubbard controls.
Effects of TM and AHS on Liver Avian Uncoupling Protein (avUcp) mRNA Expression
The effects of TM on AvUcp expression during AHS in both Cobb and Hubbard chickens are demonstrated in Figure 7 . In Hubbard chickens, AvUcp expression was significantly higher in the TM group before AHS (at 0 h) and after 3 and 7 h of AHS. In Cobb chickens, AvUcp expression was significantly higher in the TM group before AHS (at 0 h) and after 3, 5, and 7 h of AHS. AvUcp expression was significantly higher in the Hubbard TM group than in the Cobb TM group after • C for 18 h from embryonic day 10 to 18) and control group (at 37.8
Figure 6. Catalase relative mRNA expression of thermally manipulated group (at 39 • C for 18 h from embryonic day 10 to 18) and control group (at 37.8
w-z
Within same treatment group, means ±SD with different superscript differ significantly (P-value > 0.05).
3, but it was significantly higher in the Cobb control group compared to Hubbard controls except after 1 h of AHS.
Effects of TM and AHS on Plasma Total Antioxidant Capacity
The effects of TM on plasma TAC during AHS in both Cobb and Hubbard chickens are shown in Table 2 . In Hubbard chickens, TAC was lower in the TM group than in the control group before AHS (at 0 h) and after 7 h of AHS. In Cobbs, basal TAC was significantly higher in the TM group before and after AHS except after 5 h of AHS. Peak TAC was observed after 3 and 5 h of AHS in the Hubbard TM and control groups, respectively, whereas it was detected after 3 and 7 h of AHS in the Cobb control and TM groups, respectively.
Effects of TM and AHS on Plasma Superoxide Dismutase Activity
The effects of TM on plasma SOD activity during AHS in both Cobb and Hubbard chickens are shown in Table 2 . Before AHS (at 0 h) and after 3 and 5 h of AHS, SOD activity was significantly lower in the Hubbard TM group. Maximum SOD activity in the Hubbard TM group was noticed after 1 and 7 h of AHS. In Cobbs, basal SOD activity levels in TM and control chickens were highly similar. However, SOD activity was significantly lower in the TM group compared to the control group at all AHS levels except after 7 h • C for 18 h from embryonic day 10 to 18) and control group (at 37.8
but did not deviate from its basal levels during AHS in the control group.
Effects of TM and AHS on Plasma Catalase Activity
The effects of TM on plasma catalase activity during AHS in both Cobb and Hubbard chickens are demonstrated in Table 2 . In Hubbard chickens, catalase activity in the TM group was significantly higher after 1 h of AHS but significantly lower after the 3 h. In Cobbs, catalase activity levels in the TM and control groups were similar to one another before AHS (at 0 h). Catalase activity was significantly lower in the Cobb TM group after 1, 3, and 7 h of AHS but significantly higher in the Cobb control group after 3 h of AHS.
DISCUSSION
In the current study, TM daily during ED 10 to 18 was selected based on hypothesis that TM would be most efficient during the critical time window of the hypothalamus-hypophysis-adrenal or/and -thyroid axis development (Piestun et al., 2008a, b; Al-Zhgoul et al., 2013) . The aim of the current study was to evaluate the effects of TM (39
• C from ED 10 to 18) and subsequent AHS on the mRNA expression levels of NOX4, GPx2, SOD, catalase, and AvUCP as well as the TAC and enzymatic activity of SOD and catalase on post-hatch day 28. Moreover, this study aimed to determine whether any interstrain variation between Cobbs and Hubbards in response to TM and AHS.
In general, TM led to the significant reduction of T C in both breeds after exposure to AHS. Our findings corresponded with previously published studies that reported decreased body temperatures in thermally manipulated broilers compared to controls both before and after AHS (Collin et al., 2007; Piestun et al., 2008a; Al-Zghoul et al., 2015a; Al-Rukibat et al., 2016) . Decreased body temperatures in thermally manipulated broilers before and after AHS have been posited to be the result of reduced metabolic rates (Piestun et al., 2011) . It is proposed that TM results in improved thermotolerance by reducing broiler T c during AHS. In terms of mRNA expression, the current study determined that levels of NOX4, GPx2, SOD2, and catalase expression were significantly lower in the TM groups of both breeds. Despite being integral parts of antioxidant pathways, there is a serious dearth in the literature with regard to the expression levels of the aforementioned genes in the context of TM and subsequent AHS. Increased superoxide (O 2 − ) levels during heat stress were associated with the up-regulation of NOX4 expression in vitro (Kikusato et al., 2015) and the down-regulation of AvUcp expression during heat stress (Mujahid et al., , 2007a . It has been suggested that NOX4 is the source of ROS during periods of heat stress (Kikusato et al., 2015) . Accordingly, this study demonstrates that the reduction of NOX4 expression in the TM groups alleviates oxidative stress by decreasing NOX-induced ROS. To our knowledge, this is the first study to examine the effects of TM and subsequent AHS on the mRNA expression of the SOD2, catalase, and GPx2 genes in the broiler chicken.
In this study, AvUcp expression levels in the Cobb and Hubbard TM groups generally increased after exposure to AHS compared to controls. In contrast, Taouis et al. (2002) reported that early age TM led to a reduction in AvUcp expression in broiler chicken. The role of AvUcp in the reduction of ROS has also been reported in many studies (Criscuolo et al., 2005; Abe et al., 2006; Rey et al., 2010) . The results of the current study corroborate the aforementioned reports by illustrating that TM has a positive effect on ROS reduction by increasing AvUcp mRNA levels. Taken together, the previous results indicate that TM treatment has a role in decreasing heat-induced oxidative stress, the latter of which can be ascertained by the reduction and elevation of NOX4 and AvUcp mRNA levels, respectively.
The results of this study illustrated that the enzymatic activity of SOD and catalase in the TM groups was lower than in controls in both broiler breeds. Many studies have reported an increase in the activity and mRNA expression of antioxidant enzymes during periods of both acute and chronic heat stress, which point towards their protective roles to minimize oxidative stress (Altan et al., 2003; Tan et al., 2010; Hao and Gu, 2014; Rimoldi et al., 2015) . However, it has been established that antioxidant capacity alone cannot be extrapolated to make assumptions about oxidative stress, but it serves as a useful parameter in heat stress experiments when included alongside others (Costantini and Verhulst, 2009) . The results of the present study showed that TAC of the TM groups of both breeds was generally significantly higher than the controls. Although Huang et al. (2015) determined that heat stress leads to the induction of oxidative injury and a decreased TAC, no studies have been carried out on the effects of TM on TAC in broiler chickens. Instead, studies involving broiler chickens have almost unanimously focused on the effects of various types of feed, and not heat stress, on TAC (Maurice et al., 2007; Lee et al., 2012; Paraskeuas et al., 2017; Niu et al., 2018) .
In conclusion, the results of the current study suggest that TM may indeed improve thermotolerance acquisition in broiler chickens as measured by the mRNA expression levels of the genes of the redox pathway. Moreover, TM results in a lower T C in broiler chickens upon exposure to AHS, allowing them to better adapt to changing environmental temperatures. In light of global warming, such findings are extremely significant because broiler chickens are especially susceptible to heat stress. Our study not only illustrates that TM is conducive to the acquisition of thermotolerance in broiler chickens, but it also reveals considerable differences between breeds.
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